We review and discuss the potential of using measurement-based elements in quantum communication schemes, where certain tasks are realized with the help of entangled resource states that are processed by measurements. We consider long-range quantum communication based on the transmission of encoded quantum states, where encoding, decoding and syndrome read-out are implemented using small-scale resource states. We also discuss entanglement-based schemes and consider measurement-based quantum repeaters. An important element in these schemes is entanglement purification, which can also be implemented in a measurement-based way. We analyze the influence of noise and imperfections in these schemes, and show that measurement-based implementation allows for very large error thresholds of the order of 10% noise per qubit and more. We show how to obtain optimal resource states for different tasks, and discuss first experimental realizations of measurement-based quantum error correction using trapped ions and photons.
I. INTRODUCTION
Quantum communication is one of the most promising applications of quantum science, which is already at the edge of being used in practice and commercially. Quantum cryptography [1] is arguably the key application in this context, where the transmission of quantum states allows one to establish a secret cryptographic key between two communication partners, enabling them to communicate securely. Security is guaranteed by the laws of quantum mechanics, rather than by (unproven) assumptions on the computational complexity of certain tasks, as in classical encryption schemes. Quantum communication is however also important in the context of distributed quantum computation, where one may envision either a central quantum computation station that accepts quantum inputs from external nodes, or quantum computation that is performed by a network of small-scale processors that are connected via quantum channels. Of particular interest in this context is the method of blind quantum computation which can realized in a measurement-based setup [2, 3] . Other applications of distributed entangled states, such as secret sharing or secret voting, have been discussed. For all these applications of a quantum communication network, the term quantum internet has been suggested [4] , in analogy with the classical internet.
The key task is to enable two communication partners, say Alice and Bob, to exchange quantum states and thus to transmit quantum information. The quantum channel connecting Alice and Bob will in general be noisy, and one needs to establish schemes to deal with this noise. This is particularly challenging for long-range communication, where novel strategies extending the classical approaches are required. Quantum information cannot be cloned or amplified, which implies that classical repeater schemes where signals are amplified and refreshed at regularly spaced intervals are not applicable. Different schemes have been invented to overcome this problem, and in principle allow one to establish quantum communication over arbitrary distances with only polynomial overhead. One is based on the direct transmission of encoded quantum information, where quantum error correction is repeatedly applied [5] . A second approach has become known as the (entanglement-based) quantum repeater, where long-distance entangled states are generated by a combination of entanglement swapping and entanglement purification [6] . These pairs are then used to transmit arbitrary quantum information by means of teleportation [7] . Many variants and combinations of these schemes have been put forward and analyzed [8] . Also satellitebased quantum communication is being actively pursued [9] .
In the standard approach to long-range quantum communication, quantum error correction [10] [11] [12] , entanglement swapping [7, 13] , and entanglement purification [14] [15] [16] are realized by implementing gates and operations. Here we discuss the potential of realizing parts of these schemes using concepts and techniques from measurement-based quantum information processing. In this approach, certain entangled states serve as a resource that allow one to implement different (sub-)tasks solely by means of measurements. We thereby take the concept of a measurement-based quantum computer [17] as a prototype model, where e.g. in the one-way model a large entangled resource state, the 2D cluster state [18] , serves as a resource to realize any quantum operation. We concentrate on the implementation of specific tasks using small-scale resources of minimal size -only containing input and output particles-, and show how to identify such resources. We demonstrate that one can realize circuits that comprise a large number of gates in a compact way, where the reduced number of resources leads to a significant improvement with respect to noise tolerance of the schemes. We find, in fact, that for various tasks the error threshold can be 10% per qubit or even higher, which makes such schemes very attractive from an experimental perspective.
The paper provides a review of recent results published in [19] [20] [21] [22] [23] [24] together with additional discussions and observations, and is organized as follows. In Sec. II we provide the necessary background on quantum communication schemes and measurement-based information processing. We also discuss the construction of optimal resource states of minimal size for different tasks using the Choi-Jamiolkowski [25, 26] isomorphism, and introduce error models to describe noise and imperfections. In Sec. III we consider measurement-based entanglement purification, and show a universal error threshold of 24% noise per particle. We also discuss measurement-based implementations of hashing protocols, which, remarkably and in stark contrast to a gate-based implementation, are practical and represent a viable option. We then consider measurement-based quantum error correction in Sec. IV, and describe resource states for encoding, syndrome readout and decoding for different error correction codes. We also derive error thresholds for the applicability of the schemes. In Sec. V we discuss direct communication of encoded quantum information using quantum error correction, while in Sec. VI we turn to entanglement-based long-range quantum communication using quantum repeaters. In Sec. VII we describe an extension of the approach to a hybrid quantum computation scheme, and discuss first experimental implementations using trapped ions and photons in Sec. VIII. In Sec. IX we briefly comment on some alternative schemes that make use of measurement-based elements. We summarize and conclude in Sec. X.
II. BACKGROUND
In this section we provide background information on schemes for long-range quantum communication, quantum error correction and measurement-based quantum information processing. We only give a brief overview, and refer the reader to review articles on the different subjects [8, 16, [31] [32] [33] A. Quantum error correction Quantum error correction [10] [11] [12] is an extension of the redundant encoding of classical information. The basic idea is to use several physical qubits to encode one logical qubit, in such a way that errors can be detected and corrected. As quantum states can be in a superposition of basis states, it is not sufficient to correct errors only on basis states, but it is required that a whole subspace is protected. For a single logical qubit, this can be achieved as follows: (i) One specifies the kind of errors one wants the code to correct and identifies a basis for error operators. For example, the Pauli operators represent a basis for all possible error operators that can act on a single qubit. Consequently, for a code that should protect against arbitrary errors occurring on a single system, the relevant error operators are given by S i ∈ {σ
(ii) One chooses a two-dimensional subspace P 0 in such a way that each error operator maps the subspace to an orthogonal two-dimensional subspace, P i = S i P 0 S † i with P i P j = δ ij P i .; (iii) One chooses a basis in the logical subspace P 0 and defines logical basis states |0 L , |1 L . (iv) Error correction is done by projecting the system onto the subspaces {P j }, where for result j the error operator S † j is applied to recover the quantum information. Notice that the measurement leads to a digitalization of the error. This implies that quantum error correction can deal also with combination of errors, and it is sufficient to consider only a basis of error operators.
Constructions for good and efficient error correction codes are known. The simplest code that allows one to protect against bit flip errors is a repetition code with
⊗m , |1 L = |1 ⊗m . For m = 2n + 1, such a code can correct for up to n bit flip errors. Similarly, a code to protect against phase flip errors can be obtained by applying a Hadamard operation on each qubit. A code that can protect against an arbitrary error happening on a single qubit has a minimal size of 5, i.e. 5 qubits are required to to form a logical qubit. Codewords of error correcting codes corresponding to bit-flip errors and arbitrary errors are depicted in Fig. 2 .
We use graph states [30, 40] to describe the codewords. For any graph G = (V, E) with vertices k ∈ V and edges (k, l) ∈ E, the corresponding graph state is given by
where
(|0 ± |1 ). We use the graph to describe the entanglement structure of the state, in many cases throughout the article there will be additional local unitary operations that are required in addition to obtain the actual state in question.
B. Quantum communication based on quantum error correction
The first scheme for scalable quantum communication was put forward in 1996 and is based on the transmission of encoded quantum information. It works as follows [5] . The quantum information to be transmitted is encoded at Alice's site using some quantum error correction code, where N physical qubits are used to encode one logical qubit. The long channel is divided into small segments, and after each segment an error correction step (i.e. syndrome read out and if required correction operation) are performed. At the final station, quantum information is decoded.
A polynomial scaling of the resources with the distance was derived analytically [5] . Any stabilizer quantum error correction code is suitable for such a procedure. The error threshold was derived for a gate-based implementation, and was found to be of the order of 10 −5 for the involved gates -basically the same as for universal faulttolerant quantum computation. Notice that these initial results have been significantly improved meanwhile, as advances in fault-tolerant quantum computation are directly applicable also in such a communication scenario. The scaling for required resources was found to be poly-logarithmic [27] , and the threshold value for faulttolerant quantum computation -and hence encoded quantum communication-is about 10 −2 [28, 29] .
C. Entanglement purification
Entanglement purification is an important primitive in quantum communication [14] [15] [16] . Consider two parties A and B that are connected by a noisy quantum channel and whose aim is to establish a maximally entangled state |φ + = 1 √ 2 (|00 +|11 ). A straightforward approach would be to produce such a state locally, i.e., at the location of one party, and send one qubit of the state through the noisy channel. Due to noise and imperfections, the parties will end up with a noisy entangled state instead. They can, however, repeat the procedure and produce in this way many copies of such noisy entangled states. Entanglement purification then allows the parties to create out of many such noisy pairs solely by performing local operations on their system, together with classical communication, fewer pairs with an increased fidelity, that is, with a smaller amount of noise. These pairs can then be used for teleportation, and hence to reliably transmit arbitrary quantum information.
One important entanglement purification protocol is the recurrence protocol of [15] , which operates always on two copies and is applied in an iterative way. At each step, two identical copies resulting from the previous purification step are processed, and the fidelity is iteratively increased. The basic idea is to concentrate the entanglement of two pairs into a single one, or alternatively one can say that one attempts to learn (non-local) information about the first pair with help of the second pair. This increase in information on the first pair is equivalent to a larger fidelity. Each purification step consists of the application of local, joint operations on the two pairs, followed by a measurement of the second pair. Depending on the measurement outcome, the remaining pair is kept or discarded. Hence purification only works probabilistically, however the procedure quickly converges to unit fidelity in the noiseless case, provided the initial fidelity of the pairs is sufficiently large, F ≥ 1/2. Taking noise and imperfections in local operations and measurements into account, the purification regime gets smaller, i.e. only some maximal fidelity smaller than unity can be reached, and a larger initial fidelity is required. The threshold for local noise is determined by the existence of a non-vanishing purification regime, i.e. a range of possible initial values of F for which the fidelity can be increased. Depending on the error model used, the acceptable noise per operation is given by a few percent [16] . Alternative entanglement purification protocols that operate simultaneously on a larger number of input pairs also exist [34, 35] . One example of such a protocol is the hashing protocol [34] , which operates on a very large number of copies N , and produces M < N almost perfect pairs. Again, the main idea of the protocol is to measure N − M pairs to obtain information about the remaining ensemble. In fact, measuring N S(ρ A ) pairs is sufficient to be left with a pure-state ensemble of maximally entangled pairs, where S(ρ A ) is the Von-Neumann entropy of the reduced state of a pair. While hashing has -in contrast to the recurrence protocol-a non-zero yield, it is not applicable under non-idealized conditions [16] . Since the operations that need to be applied repeatedly at each of the pairs are noisy, that noise accumulates, thereby jeopardizing the entanglement purification effect [16] .
D. Quantum repeaters
For long-distance quantum communication, entanglement purification alone is not sufficient. Clearly, the initial state still needs to be entangled, i.e. a large enough initial fidelity, in the case of perfect local operations larger than 1/2, is required. However, losses and noise increase exponentially with the distance, thereby limiting the maximal distance to a few hundred kilometers when using photons transmitted through optical fibers. For larger distances, other methods are required. The quantum repeater [6] is a scheme that allows for efficient long-distance quantum communication. It utilizes a nested combination of entanglement purification and entanglement swapping, thereby generating high fidelity entangled pairs that can then be used to teleport arbitrary quantum information. The basic idea is to split the long channel into smaller segments, and generate shortdistance entangled pairs that are purified to some working fidelity F 0 . These short-distance pairs are then connected via Bell measurements, a process that has been termed entanglement swapping, to form an entangled pair of longer distance. For non-ideal pairs or noisy operations, the fidelity of the resulting pairs are reduced, and only a few can be connected in this way. One then uses entanglement purification to re-purify these mid-distance pairs to the working fidelity F 0 . When applied to all segments simultaneously, this leaves us with the same situation as initially, except that the distance of the pairs is enlarged. This procedure can than be applied in a nested way, thereby always at least doubling the distance. The required resources, i.e. the number of elementary pairs, can be shown to increase only polynomial with the distance [6] .
Many variants of this scheme that use different methods to purify the pairs have been put forward, for a recent review see e.g. [8] . They allow one to reduce the number of parallel channels significantly, and also to deal, up to certain distances, with memory errors [36] . Similar as in entanglement purification, noise in local operation limits the applicability of the scheme, and one finds a noise threshold that is a bit lower than the one for entanglement purification alone, but still of the order of a few percent [6] . This is several orders of magnitude larger than for the original scheme based on quantum error correction [5] (see also Sec. II B) and consequently most of the research activities have focused on the (entanglementbased) quantum repeater.
E. Measurement-based quantum information processing
Here we describe how gates and operations can be realized in a measurement-based way using certain highly entangled resource states. This approach, initially put forward in the context of quantum computation, differs significantly from the standard gate-based approach. One does not need to apply coherent operations on many systems, but rather prepare certain entangled resource states by some means. This preparation procedure can even be probabilistic, and may in many systems be easier than performing coherent gates [37, 38] . For example, achieving interactions between the polarization degree of freedom of two photons in a deterministic way is a very challenging task, while the probabilistic preparation of entangled photon states, e.g., by means of parametric down conversion, is routinely done in many laboratories. In this sense, measurement-based quantum information processing offers a potential experimental advantage. We will strengthen this claim by deriving error thresholds for different tasks, where we find that they can be significantly increased by making the resource states smaller. A direct comparison with a gate-based implementation is however difficult, as different error models are used.
A well-studied measurement-based model is the oneway quantum computer [17] , where a so-called 2D cluster state [18] serves as a universal resource for quantum computation. Solely by means of single-qubit measurements, quantum information is processed, where the choice of the measurement bases determines the gates or the algorithm that is implemented. In general, these measurements need to be done sequentially in an adaptive way. An important exception are gates and circuits from the Clifford group, where all measurements can be done in a parallel fashion [39] . The reason for this is that Pauli byproduct operators due to random measurement outcomes can be commuted through all gates of this kind, and be executed at the end of a given quantum circuit simulated on the 2D cluster. Equivalently, one can also use more compact resource states of smaller size to implement a specific circuit. In the case of Clifford circuits, these resource states consist only of input and output qubits. In the following we will discuss how to construct such resource states of minimal size.
F. Construction of resource states
Starting from a 2D cluster states as universal resource, each gate of a circuit C is associated with a specific measurement pattern [17] . For a Clifford Circuit, all measurements, except the ones on input particles, can be performed beforehand. In this case, Pauli measurements suffice, and the resulting special purpose resource state is -up to local correction operations-a graph state can be determined by update rules [40] .
An alternative way of obtaining the resource states is given by the Choi-Jamiolkowski isomorphism [25, 26] . For a N qubit unitary operation U , the corresponding resource state |ψ U is given by
where we use binary notation to denote the N -qubit state |k . That is, U acts on part of a maximally entangled state of 2N qubits. In turn, |ψ U allows one to implement U on an arbitrary N -qubit input state |ϕ probabilistically. Consider the Bell basis
On qubit k of the input state and part A of the state |ψ U , a Bell measurement is performed and outcome i k is obtained. It is easy to check that the resulting state at site B is then given by
If all measurement outcomes were 0, then the desired operation has been performed. Notice that in general it is not possible to commute Pauli operations through the unitary without altering U . This would be necessary to later apply a correction operation, and thus for general U this procedure is necessarily probabilistic. For a deterministic implementation, a larger resource state with additional auxiliary particles that are measured sequentially and in an adaptive way, would be required. However, if U = U C is a Clifford gate or a Clifford circuit, i.e. an (arbitrary long) quantum circuit that consists solely of Clifford gates, then by definition U C transforms tensor products of Pauli operators into (possibly different) tensor products of Pauli operators. One thus obtains
where j = f (i) is some (known) function of the initial measurement outcomes. It follows that the knowledge of the measurement outcomes allows one to correct at site B the byproduct operations by applying (σ j1 ⊗σ j2 . . .⊗σ j N ), and hence to realize U C deterministically to an arbitrary input state.
In some cases, circuits may also include measurements on output particles. If these measurements are of Pauli type, then one can actually perform them beforehand. That is, one takes the resource state, applies the appropriate projection, where one assumes that the measurement outcome is +1, and obtains in this way a reduced state where the to-be-measured particle is no longer included. The actual measurement outcome can be determined from the results of the in-coupling Bell measurements. This is possible because all measurements, including the teleportation-like process to implement the gate or circuit, take place on different particles and hence commute. In addition, the correction operations on output particles, also the ones to be measured at a later stage, are only Pauli operations. This simply leads to a re-interpretation of measurement outcomes. This is explained in detail for circuits corresponding to entanglement purification in [19] , and for error correction circuits in [21] (see also [30] ). The resource states are in fact all stabilizer states, local unitary equivalent to graph states. This follows from the alternative construction using the 2D cluster state, but can also be checked directly by using a stabilizer description of the resource states.
All circuits we will consider in this work are of Clifford type, so the above construction provides us with resource states of minimal size containing only input and output particles. This is true for encoding and decoding circuits, error syndrome readout, entanglement swapping as well as entanglement purification. All auxiliary particles that are eventually measured in a circuit-based implementation are not required in this measurement-based approach. In addition, the size of the resource state does not depend on the complexity of the Clifford circuit, i.e. even a complex circuit that contains many gates does only require input and output particles, only the structure of the entangled state changes. Notice that this reduction of size of resource states is the crucial feature that makes measurement-based implementation of such circuits very attractive, and leads to high error thresholds as shown below.
G. Combination of resource states
We remark that the construction of resource states for a combination of tasks is straightforward, and can be done by combining the corresponding states in a way to be described. Consider for instance the implementation of an encoded Clifford gate, e.g. a Hadamard gate, with built-in error correction. If the resource states for encoding, syndrome-readout, decoding and for the non-encoded single qubit gate are known, one can simply connect the corresponding input and output particles by Bell measurements. These measurements are also of Clifford type, and can hence be done beforehand. That is, one uses resource states for (i) decoding; (ii) unencoded gate; (iii) encoding; (iv) syndrome read-out and combines them to form a 2N qubit resource state for the combined task.
Similarly, one obtains a combined state of N + 2 qubits that allows for encoding, syndrome read out and decoding, as is illustrated in Fig. 2 .
H. Error model
In any realistic situation, noise and imperfection will occur and limit the performance of any quantum information processing protocol. In a measurement-based implementation, the only sources of noise are (i) imperfect resource states and (ii) noisy measurements. We will use a simple, heuristic model to describe both kinds of errors. We will discuss later in which sense this model is justified, and that it can in fact be actively "enforced".
We consider a completely positive map that describes depolarization noise, sometimes also called white noise, acting on particle a by
where p is the error parameter. That is, with probability p the particle remains unaltered, while it is completely depolarized with probability (1−p). Noisy measurements can be described by a two-step process, where in the first step noise acts on all particles that are subjected to the measurement, and in a second step a perfect measurement is applied. In case of a Bell measurement P we have
Noisy resource states are described by depolarizing noise acting on each of the particles of the resource state, i.e.
Notice that this error model takes into account that larger resource states are stronger affected by noise, as the fidelity drops (in general exponentially) with the size of the resource state N . It is heuristic in the sense that only uncorrelated noise is considered, and all resource states are affected in the same way, independent of the complexity of their creation. However, this is in fact a desired feature rather than a drawback. Since we are dealing with a measurement-based implementation, we do not wish to specify or restrict the way resource states are generated. It should be emphasized that all thresholds we provide in the remaining article are with respect to this error model, and a direct comparison with other, e.g. gate-based error models, is not possible. In fact, many possibilities to generate highly entangled states exist. The standard approach consists of applying sequences of gates to some initial state, usually a product state. However, the set of gates that is available, as well as their quality, strongly depends on the the particular set-up. This makes the judgement of how complicate the preparation of a given state is ambiguous. For instance, usually the preparation of a so-called GHZ state
⊗N ) requires N −1 two-qubit CNOT gates, while in present ion-trap set-ups a single interaction, corresponding to a joint N qubit gate, suffices [41] . Other ways of state preparation are conceivable, e.g. by cooling of a strongly interacting system to its ground state, or by reservoir engineering [42, 43] .
In addition, probabilistic methods for resource state preparation are available, as resource states only enter in the quantum information processing process once they have been prepared [37, 38] . In contrast, a gate-based implementation requires deterministic gates to not jeopardize quantum information processing. This also offers advantages and new possibilities in certain set-ups. Consider e.g. a photonic implementation, where quantum information is stored in the polarization degree of freedom of different photons. Obtaining a deterministic, controlled interaction is very hard and demanding, and the used non-linearities are orders of magnitudes too weak to obtain a direct two-qubit gate. The probabilistic preparation of certain entangled resource states is however possible, and is in fact a standard procedure in many labs. For instance, parametric down conversion allows one to generate entangled states of moderate size. The possibility of generating resource states probabilistically also opens the way to use tools such as entanglement purification to generate resource state with high fidelity. That is, whenever resource states can be generated by some means, even with low fidelity, one can use entanglement purification to increase the fidelity and hence reduce errors. As all resource states we consider throughout this article are local unitary equivalent to graph states, multipartite entanglement purification protocols exist [44] [45] [46] .
An additional feature of entanglement purification is that the shape of noise will be modified. In fact, first results indicate that entanglement purification will bring the state closer to the form Eq. 7, i.e. to local noise. The reason is that noise due to imperfect entanglement purification enters locally, while the process as such reduces all kinds of noise. This is currently under investigation and will be reported elsewhere [? ] .
We also would like to remark that when performing a Bell measurement on a qubit that is affected by noise described by Eq. 5 (or more generally by any Pauli-diagonal noise process), one can move the action of noise onto the other qubit. That is P ab E a (p)ρ = P ab E b (p)ρ, where P denotes the Bell measurement. This can be shown by considering the corresponding Choi-Jamiolkowski states of the two processes [20] . This will prove to be a very powerful tool in the analysis of error thresholds. Notice also that E(p 1 )E(p 2 )ρ = E(p 1 p 2 )ρ, which can again be verified by direct computation. When considering noisy Bell measurements, described by Eq. 6, and noisy resource states described by Eq. 7, one can summarize the effect of all imperfections by a single noise channel E(q 2 p) acting on one of the particles where the Bell measurement is performed. We will hence in the following set q = 1, i.e. consider perfect Bell measurement, as the effect of a noisy Bell measurement is the same as for noisy resource states with a modified error parameter p. This error pa-rameter should be understood as representing all kinds of imperfections in preparation and noisy Bell measurements.
III. MEASUREMENT-BASED ENTANGLEMENT PURIFICATION
We now turn to measurement-based entanglement purification, where we analyze different purification protocols and their performance under noise.
A. Recurrence protocol
We start by considering a single step of the 2 → 1 recurrence protocol described in Sec. III (see also [19] ) that probabilistically produces a single pair of higher fidelity from two initial pairs. This protocol can be implemented in a measurement-based way using a three-qubit state at each site, i.e. at Alice and Bob, that is LU equivalent to a GHZ state. Two of the qubits correspond to the input, while one corresponds to the output particle. This makes use of the fact that the measurement on the second output pair can be done beforehand, as described in Sec. II F [19] . Entanglement purification takes place by performing Bell measurements at Alice and Bob on the two pairs and the input particles of the resource states, see Fig. 1 . Depending on the outcome of the Bell measurements, the resulting pair is discarded or kept (see [19] for conditions), and eventually a Pauli byproduct operation is applied.
The procedure can be applied in an iterative way, as shown in Fig 1, taking output pairs of the first step as input pairs for the second step. Notice that in this case both steps can be unified into a single step, thereby realizing a 4 → 1 protocol. Formally, this can be done by considering the two steps directly and constructing the resulting resource state, or by considering the resource states for the two-step procedure and performing the second Bell measurement that couples the resource states beforehand. This leads to a 5-qubit resource state (4 input and one output particle) at each site, as opposed to 9 particles when realizing the procedure sequentially. The resource state is LU equivalent to a linear cluster state, i.e. a graph state of a chain of 5 particles where the middle one corresponds to the output. However, the success probability as compared to a stepwise realization is reduced, as all three purification steps need to be successful simultaneously, while the step-wise procedure allows to combine only pairs from successful branches of the previous steps. In principle, one can iterate this procedure further an obtain resource states of size 2 m + 1 for m purification rounds. Similarly, any N → M entanglement purification protocol [34, 35] simply corresponds to a N + M qubit resource state.
B. Universal error threshold
We now analyze the performance of measurementbased entanglement purification in the presence of noise and imperfections. We consider noisy input states de-
scribed by Eq. 7. The error parameter p describes the strength of noise per particle, and we refer to 1 − p as noise level with e.g. 5% noise corresponding to p = 0.95.
It was observed in [20] that the error threshold for measurement-based entanglement purification is given by 3.5%, 7.1% and 10.4% for the 1 → 2, 1 → 4 and and 1 → 8 protocol respectively, indicating that the reduction of number of particles indeed gives an advantage. It is however possible to derive a universal and optimal error threshold for arbitrary N → 1 protocols, as shown in [20] . To this aim we make use of the fact that for Bell measurements, noise can effectively be moved from one particle (input particle of resource state) to the other particle (particle of the pair to be purified). That is, the initial fidelity of the input pair is decreased. Noise acting on the output particle of the resource state can be considered at the end of the process, at which stage it simply reduces the fidelity of the output pair. This leaves us with a noiseless resource state, corresponding to a perfect entanglement purification protocol that is capable of producing maximally entangled pairs with fidelity F = 1. Independent of the entanglement protocol used, the minimal required fidelity of the initial pairs is give by F > 1/2.
The threshold can now be easily determined. The conditions are that (i) the initial fidelity is larger than 1/2 (i.e. p > 1/3), and (ii) the fidelity of the output pair, when taking noise of output particle of the resource state into account, should be larger than the one of the input pair. We describe the initial pair by E a (q)E b (q)|φ
The two conditions now read
which yields an error threshold p min = 1/ 4 √ 3 ≈ 1 − 0.24. That is, up to 24% of noise per particle are acceptable. Notice that we have made no assumption on the entangle-ment purification protocol, except that the initial fidelity of the pairs needs to be larger than 1/2. For states diagonal in the Bell basis, pairs with fidelity F ≤ 1/2 are separable and hence not entangled. In this sense, the threshold is optimal and universal.
C. Hashing protocol
We now consider N → M protocols, more specifically so-called hashing protocol. The hashing protocols uses bilateral CNOT operations, applied on a subset of pairs as source, and a specific pair as target, to reveal information about the source pairs by measuring the target pair [34] . All involved operations are of Clifford type, so one can construct a resource state of size N + M that allows one to implement the protocol in a measurement-based way. In contrast to the recurrence protocol discussed before, hashing is a deterministic protocol. It is based solely on information gain about the remaining ensemble, where all remaining pairs except the pairs that are measured can be finally used. Consequently, hashing has a non-zero yield [34] .
We are interested in a measurement-based implementation, and in the effect of noise and imperfections. As demonstrated in [24] , a measurement-based implementation is practical in the sense that about 7% error per particle is acceptable in the resource states. The proof is very similar to the one presented for the universal error threshold, with the only difference that the required initial fidelity of the pairs for hashing is given by F min ≈ 0.8107, yielding the slightly smaller error threshold.
It should be emphasized that only a measurementbased implementation makes hashing practical. In a gatebased approach, any non-zero gate error accumulates and renders hashing impossible [24] . The key feature that makes the measurement-based implementation practical is the reduced size of the resource state. We remark that any N → M entanglement purification protocol [34, 35] that is based on Clifford operations (which is the case for all known protocols so far) can be implemented in a measurement-based way, with resource states of minimal size. In all cases, the error threshold is simply determined by the purification range of the noiseless protocol.
IV. MEASUREMENT-BASED QUANTUM ERROR CORRECTION
We now turn to quantum error correction, and analyze encoding, decoding and syndrome read-out. We consider the large class of stabilizer quantum error correction codes, which includes the Calderbank-Shor-Steane (CSS) error correction codes. For all these codes, codewords are stabilizer states, and the corresponding circuits for encoding, decoding and syndrome read-out are Clifford circuits. It follows that for a measurement-based implementation, resource states of minimal size involving only input and output particles, i.e. of size N + 1 or 2N , can be found [21] . The error syndrome read-out and correction also requires auxiliary particles that are measured to reveal the error syndrome in a gate-based approach [10] [11] [12] . As described above, in a measurement-based implementation one can measure these qubits beforehand and work with a resource state of size 2N . The error syndrome and hence the required correction operations can be determined from the results of the in-coupling Bell measurements. This means that the advantage of a measurement-based implementation is twofold: on the one hand, one can replace a whole quantum circuit that involves many gates by a single resource state, independent of the size of the (Clifford) circuit. On the other hand, no auxiliary particles are required.
A. Repetition code and five-qubit graph code
We start by considering a simple m = 2n + 1 qubit repetition code that can correct for bit-flip errors occurring on up to n particles. The codewords are given by |0 L = |0 ⊗m , |1 L = |1 ⊗m , and the resource states for encoding and decoding (with integrated error syndrome readout) are given by GHZ-states Fig. 2 ). A combination of both procedures can be done with a m + 2 qubit state [22] . For encoding, one starts with a qubit in some (possibly unknown) state |ϕ = α|0 + β|1 , and performs a Bell measurement on this qubit and qubit A of the resource state. This leaves us -up to a (logical) Pauli correction-with an encoded state |ϕ L = α|0 L + |1 L of system B. For decoding and syndrome read out, Bell measurements on all qubits of the encoded system and system B of the resource state are performed. The decoded quantum information is stored in A, where the required correction operation can be determined from the results of the Bell measurements as described in [21] .
In a similar way, one can consider the 5-qubit cluster ring code (see Fig. 2 ), which is capable of correcting an arbitrary error on a single qubit. The resource states for encoding and decoding are obtained by attaching a particle in state |0 x via U PG operations to all particles of the code state, which is initially prepared in |0 L = |C 5 . This leaves us with
, where
The encoding and decoding procedure is similar as described for the repetition code, only the required correction operations depending on the outcomes of the Bell measurements differ. In a similar way, one can construct resource states for any CSS code, as codewords are given by stabilizer states, and also encoding, decoding and syndrome-read out can be done by Clifford circuits.
B. Error thresholds
If one considers noisy resource states, it is straightforward to analyze the performance of the scheme as well as its error thresholds. Consider to this aim the syndromereadout or error-correction procedure. The noisy resource state is described by Eq. 7. If we are interested in protecting quantum information for a longer time, we will apply syndrome-readout and error correction repeatedly. This is done by taking an encoded state, in our example an encoded logical qubit, and a noisy resource state of size 2N where Bell measurements are performed on all qubits of the encoded state and the input particles of the resource state. We now consider noise on the in- put particles and output particles of the resource state separately. The noise on input particle can effectively be moved through the Bell measurements to the encoded state, while noise on output particles acts on the output state and can hence be considered in the subsequent step. This leaves us effectively with a noiseless resource state that can perform the error correction procedure perfectly. Noise on the input particles, as well as noise on the output particles of the previous step act, via the Bellmeasurement, on the encoded input state where the joint effect is described by single-qubit depolarizing noise with parameter p 2 . We take in addition also some decoherence process on encoded state into account, e.g. because the state is stored for a certain time before error correction is applied, which we again describe by single depolarizing noise with parameter q. In total, this leaves us with depolarizing noise with error parameter p 2 q that acts on the encoded state before perfect error correction.
An error correction code can correct a certain number of errors. The threshold for a successful protection is given by the value of the error parameter such that at the logical level, the error is reduced. Since we have shown how to interpret decoherence errors as well as errors from imperfect resource state preparation and imperfect Bell measurements, the threshold for the fault tolerant scheme is simply determined by the error threshold of the underlying error correction code.
For instance, the five-qubit error correction code can correct for one error on one of the five qubits. That is, whenever no or only a single σ x , σ y or σ z error happened, there is no error at the logical level. There might be further error combinations that lead to no error, however we ignore them in order to obtain a simple estimate on the acceptable error rate. We denote byp = p 2 q the total single qubit noise parameter. This corresponds to no error happening with probability p no = 3p+1 4 , while with probability
either an x,y or z error happens. As all errors are correctible, we can treat them together and just say that an error happens with probability p yes = 3(1−p) 4 . At the logical level, we then have no error with probability
and for a successful error correction one needs p L ≥ p. From there an error threshold estimate can be determined, and one obtainsp ≥ 0.82517 [48] . This translates to an error threshold for the noisy resource state of p crit = 3 √p ≈ 0.938 if one assumes p = q. Notice that by using a concatenated code, one can achieve p L → 1 whenever p > p crit . An exact treatment of effective noise channels at the logical level, including also concatenated error correction codes, can be found in [49] . Codes with even higher error thresholds, e.g. Shor type codes, are known [50] . The error threshold for such codes can be as high asp = 0.7449 leading to p crit = 0.9065. If channel noise is much smaller than noise for resource state preparation and noisy Bell measurements, which can e.g. be assured by using small enough segments in the case of communication, or short time intervals in the case of storage (quantum memory), one can set q ≈ 1 and obtains an error threshold of p crit =p ≈ 0.8631, so that up to 13.6% depolarizing noise per particle can be tolerated.
V. ENCODED QUANTUM COMMUNICATION
The original scheme for quantum communication based on quantum error correction [5] suffered from a very small error threshold (in a gate-based model). Here the measurement-based implementation of error correction offers high error thresholds, which are simply determined by the error threshold of the underlying quantum error correction code as discussed in Sec. IV B. Using large error correction codes, almost 10% noise per qubit for the resource state and due to the transmission through the channel are acceptable. This is the same order of magnitude as for measurement-based quantum repeaters [19, 20] , and thus turns quantum communication based on quantum error correction into a realistic alternative to quantum repeaters. It should be noted that this is also true for a gate-based noise model, which follows from [28] , where error thresholds for fault-tolerant quantum computation using teleportation/measurement-based quantum error correction was used. Notice that the correction operations can be postponed until the end of the overall channel. Each of the correction operations corresponds to a Pauli operation, and can hence be commuted through the remaining circuit, i.e. does not need to be applied. Only the interpretation of the measurement results and the next required correction operations changes. It is hence sufficient if the measurement outcomes of all stations are sent to the final station, Bob, where the required correction operation is performed. This offers a significant reduction in the necessary experimental capabilities, as active feed forward is only required at the final station. In addition, one may apply the correction operation on the (unencoded) output state, or not at all if one precesses the state further by means of measurements. This would e.g. be the case if one uses the long-range communication scheme to establish a secret key for cryptography, e.g. using the BB84 [51] or the E91 [52] protocol, where the latter two are based on entangled resource states shared between the communication partners that are subsequently measured. States do not need to be stored in this case, but can be directly measured upon arrival -only the interpretation of the measurement basis depends on the results of all syndrome measurements during the procedure, and needs to be adjusted appropriately.
Clearly, in a realistic and practical scenario where only small codes are used, the thresholds will be smaller, or the communication distance -in this case specified by the number of error correction steps or equivalently channel segments-will be limited.
Adjusting the error correction code to the dominant source of channel noise is clearly also beneficial. If only a certain type of error needs to be dealt with, error correction codes with much higher error thresholds are known. For instance, if only dephasing errors (i.e. Z errors) occur, a repetition code is sufficient. In the asymptotic limit of large codewords, such a code offers a protection whenever the probability for no error is larger than 1/2 [49, [53] [54] [55] . This means that for a noise map of the form M(q) = qρ + (1 − q)(ρ + σ z ρσ z ) = pρ + (1 − p)σ z ρσ z for each of the qubits, any q > 0 suffices and can be corrected by a sufficiently large code. It follows that the threshold value for noisy resource states is also given by q crit > 0 or equivalently p crit > 1/2, which is significantly lower than for general errors. Notice that we have used that noise on each particle is finally described by the map M(q 2q ), where q 2q > 0 for successful error correction. Here we have moved noise to input state (considering also noise on output states from the previous step), and considered decoherence with error parameterq.
Furthermore, one may also use error avoiding schemes such as encoding into decoherence free subspaces if error are correlated. Another important type of errors are loss errors, in particular when considering quantum communication based on photons through fibers or free space. The performance of measurement-based schemes for direct transmission of encoded information in practical scenarios, i.e. with limited resources or restricted kinds of errors including loss, are currently been investigated and will be reported elsewhere. A similar approach, following the scheme of [5] and using teleportation/measurementbased quantum error correction [28] , was analyzed in [56] , where also loss errors were treated.
To summarize, direct measurement-based quantum communication seems to be a viable alternative to other long-range communication schemes that have been discussed in the literature, including space-based transmission schemes as well as entanglement-based schemes using quantum repeaters. We will discuss measurement-based quantum repeaters, which benefit in a similar way from the measurement-based realization of quantum information processing next.
FIG. 3. (a)
Resource states for measurement-based communication, including encoding, syndrome-read out (symbolic) and decoding. The input particle is coupled in via a Bell measurement, and encoded information is also processed solely by Bell measurements. (b) Long-distance communication using encoded quantum information and measurement-based error correction. Errors on one side of the Bell measurements can effectively be moved to the other particle.
VI. MEASUREMENT-BASED QUANTUM REPEATERS
We now turn to quantum repeaters, where we have described the principal scheme in Sec. II D. One of the two building blocks of quantum repeaters, namely entanglement purification, has already been discussed in detail, where the measurement-based implementation offers very high error thresholds of up to 24% depolarizing noise per particle. The second ingredient of a quantum repeater scheme is entanglement swapping, which is performed at intermediate repeater stations. Entanglement swapping corresponds to the teleportation of an input state that is itself entangled, and is realized by performing a Bell measurement. At intermediate repeater stations, elementary pairs are first purified before they are connected by Bell measurements. In principle, one can simply use the resource states for entanglement purification, e.g. the ones for a single or two rounds of the 2 → 1 recurrence protocol, specified by resource states of size 2 + 1 and 4 + 1 respectively (see Fig. 1 ). Two such resource states are required for the purification of pairs with the previous and next repeater station, and the output particles are then connected by means of Bell measurements. Again, this can be done beforehand, leaving us with a resource state of reduced size that only contains input particles and no output particles. This resource state performs entanglement purification and connection, and has a size of N = 4 for a single purification step for each of the pairs, and N = 8 for two rounds of the recurrence protocol. The corresponding resource states are, up to local unitary operations, graph states, and are depicted in Fig  4. The LU operations as well as the interpretation of the Bell measurement outcomes for the success of the purification procedure can be found in [19] .
Notice, however, that the reduced size of the resource state requires that all involved purification steps need to be successful simultaneously. This reduces the achievable rate for the measurement-based repeater. In contrast, a standard implementation might allow for the combination of pairs from previous successful branches, thereby increasing the overall success probability.
This drawback of the measurement-based implementation is compensated by a significantly higher error threshold. Again, the overall repeater scheme offers error thresholds of several percent of acceptable noise per particle, and the more purification steps are realized with a single resource state, the higher is the tolerable noise, similar as in measurement-based entanglement purification [20] . In addition, the usage of N → M entanglement purification protocols that are not generated from sequential applications of different recurrence round is possible and offers a high yield also in the measurement-based implementation, as illustrated for hashing in Sec. III C. In [19] , variants of the repeater scheme that make use of slightly enlarged resource states to offer higher flexibility are discussed.
The ultimate error threshold for a measurement-based quantum repeater can be determined in a similar way as measurement-based entanglement purification. One only needs to consider in addition that at least two pairs need to be connected at the intermediate repeater station. Let us assume that we use an entanglement purification protocol that allows one to distill pairs with unit fidelity in the noiseless case whenever the initial fidelity is larger than 1/2, which is e.g. the case for multiple rounds of the recurrence protocol. Now it is crucial to note that the resulting particles after the purification of the two channel segments, but prior to connection, are only virtual, i.e. the corresponding resource state that combines entanglement purification and connection does not include them. This implies that no noise acts on these particles, and one may equivalently describe the situation by resource states for entanglement purification for left and right channel segments, where only input particles are affected by noise but output particles are not. In this case, one can still move noise from noisy resource states to the input pairs from the channel, and the noise of output states in considered afterwards. This leaves us with two perfect pairs that are connected via perfect Bell measurements, i.e. pairs with fidelity F = 1 on which now the noise on output particles (which we did not consider so far) acts. It follows that the ultimate error threshold for such a measurement-based quantum communication scheme is the same as for entanglement purification alone. This implies that we have found again a universal and optimal error threshold for quantum communication, where noise up to 24% per particle can be tolerated. Notice, however, that the transmission rate will be low, as the success probability using such an approach is (exponentially) small. The problem is the non-zero yield for recurrence-type schemes. On the other hand, hashing type entanglement purification protocols offer a non zero yield and hence higher rates, however with slightly smaller error thresholds of about 7% per particle. Notice that there is no issue with memory errors when using hashing protocols, as they only require one-way classical communication, which means that no intermediate processing is required, only at the target station (Bob) the corresponding correction operation is performed.
VII. HYBRID SCHEMES FOR QUANTUM INFORMATION PROCESSING
We also briefly mention that one can in fact extend the (fault tolerant) measurement-based communication schemes to universal, fault tolerant quantum computation [21] . We have already seen how to obtain a faulttolerant quantum memory (or equivalently a communication scheme based on the transmission of encoded states) in a measurement-based way. The corresponding resource states are of minimal size 2N , where N is the size of the code. Similarly, one can obtain logical Clifford gates with built-in error correction, as outlined in Sec. II G. The error threshold is the same as for the logical identity operation, i.e. error correction alone. Notice that one can assume q ≈ 1 in this case, as one can apply error correction repeatedly and hence make external decoherence errors small. In a communication scenario, this would correspond to using very short channels. In this case, the error threshold for resource state is given by the p crit = √p rather than p crit = 3 √p when q = p is assumed (see Sec. IV B). The error threshold can be as high as 13.6% depolarizing noise per particle [21] . Also logical two-qubit gates, e.g. a CNOT operation, can be constructed in the same way, and with same error threshold.
What is missing for universal quantum computation is the implementation of a certain single-qubit non-Clifford gate, e.g. a π/8 phase gate. In [21] we have proposed a measurement-based implementation of such a gate using magic state distillation [57] at the logical level. That is, encoded magic states are prepared using fault-tolerantly realized Clifford operations. This allows one to obtain noiseless logical magic states as long as (i) magic state distillation works and (ii) Clifford gates and logical Clifford gates can be implemented fault tolerantly. It turns out that the condition (ii) is more restrictive, i.e. whenever Clifford gates can be implemented fault tolerantly one obtains perfect logical magic states that can be used via gate injection to obtain an encoded π/8 phase gate. It follows that the same error threshold as for logical Clifford gates or fault-tolerant quantum memories applies, i.e. up to 13.6% depolarizing noise per particle can be accepted. Even though this number can not be directly compared to gate-based error thresholds, it is nevertheless so high that a measurement-based approach, more precisely a hybrid approach that uses measurement-based elements and combines them with features from the circuit model, is a promising route towards fault tolerance and the practical realization of a universal quantum computer.
Notice that the term hybrid scheme, as used here and in Ref. [21] , refers to the combination of different models for quantum computation, i.e. elements from the circuit model and from measurement-based quantum computation. The term hybrid quantum information processing or hybrid systems is also often used when dealing with different physical systems, e.g. a combination of discrete and continuous variable systems [65] . This is not what we deal with here.
VIII. EXPERIMENTAL REALIZATION
First experiments that demonstrate important building blocks of measurement-based quantum information processing have already been conducted. Measurementand teleportation-based single-and two-qubit gates as elements of a one-way quantum computer have been demonstrated with photons [58] [59] [60] and ions [22] . Here we discuss recent advances that are more directly related to the measurement-based quantum communication schemes treated here.
A. Experimental realization using photons
In [23] a proof-of-principle experiment was performed that demonstrates elements of measurement-based quantum error correction. More specifically, an error detection scheme was realized using polarization degrees of freedom of photons. The scheme includes encoding, syndromeread out and decoding, where a two qubit error detection code that can either detect a phase-flip error on one of the two qubits, or correct for an error if the position of the error is known. To this aim, a four-photon resource state has been prepared. One particle serves as input, one as output, and the intermediate particles hold the encoded quantum information and are subjected to errors. Read-in of information is done by a direct singlequbit measurement on the input particle. This allows one to couple in an (known) quantum state with real coefficients, and prepare an encoded state α|0 L + β|1 L with
Errors on the intermediate two particles are introduced, and these particles are measured. These measurements perform the decoding to the fourth particle, and also include the error syndrome read-out. The required correction operation can be determined from the measurement outcomes. Notice that also the digitalization of errors was demonstrated. Fidelities of this proof of principle experiment are around 65%.
B. Experimental realization with trapped ions
A similar experiment to demonstrate all ingredients of measurement-based quantum error correction was performed using trapped ions [22] . In this case, a full repetition code to correct for phase flip errors was used. In fact, codes of size 3 and 5 that are capable of correcting 1 and 2 errors respectively were realized. Resource states that allow for encoding, syndrome-read out and decoding that include in addition two particles (one for encoding/read-in, one for decoding/read-out) were deterministically prepared using gate sequences including multi-qubit Mølmer-Sørensen gates. The encoding of quantum information takes place by a measurement of the first (input) particle. Phase errors on the intermediate particles are introduced, and these particles are subsequently measured. These measurements lead to the decoding of quantum information, which is now stored in the last particle. In addition, the outcomes of the measurements reveal the error syndrome and the required correction operation can be determined.
The performance of error correction has been tested in different ways. First, it was demonstrated that one phase-flip error occurring on one of the particles can be fully corrected when using a three-qubit code, and phaseflip errors on two of the particles can be fully corrected when using a 5-qubit code. Second, phase-flip errors occurring on all intermediate particles (i.e. on the encoded state) with a certain error rate were considered, and the fidelity of the decoded particle was determined. This was compared with a direct transmission along a three-qubit chain (one input particle, one intermediate particle where information was not encoded, but which was subjected to phase-flip error with a certain rate, and read-out particle). It was not only demonstrated that error correction is in principle possible for a range of error parameters, but the protection using a three-qubit or five-qubit code does indeed offer an advantage over the direct transmission, as the final fidelity of the output state is larger even when all intermediate particles are subjected to errors. This is the case even though the preparation of larger resource states is clearly more challenging. A similar experiment could be performed with a different seven-qubit resource state, where a 5-qubit code that is capable of correcting an arbitrary error on one of the qubits is used. This would allow to demonstrate all elements of full quantum error correction, including non-destructive syndrome read-out.
These experiments show that a measurement-based approach to quantum error correction is not only of theoretical interest, but also offers experimental advantages and has great potential to be an important ingredient in quantum communication and quantum computation schemes.
IX. OTHER APPROACHES
The first consideration of measurement-based elements in fault-tolerant quantum computation goes back to Knill [28] , where it was shown that with a so-called ancillafactory approach, one can achieve high error thresholds. The basic idea is to prepare resource states for error correction offline, using entanglement purification as a tool to achieve high fidelities. This results into a probabilistic generation of these states, with a significant overhead. The states are then used to realize error correction in a teleportation-based fashion. Based on numerical analysis, an error threshold for the involved gates of about 1% per gate was found [28] . Although not explicitly discussed in [28] , this approach can also be applied to quantum communication using direct transmission of encoded quantum information, leading to same error thresholds.
In the context of quantum communication, there are a few related approaches that make use of teleportation/measurement-based quantum information processing. We discuss some of them in the following.
The scheme proposed in [61] uses shared Bell states between repeater station to implement teleportation-based CNOT gates to create encoded Bell states between them, which are finally used for entanglement swapping. A hybrid implementation is discussed in [62] .
rection [28] . It is thus very similar to [21] , which was proposed earlier (see also Sec. V). An optical implementation is considered in [63] .
An interesting approach based on time reversal of standard quantum repeaters [6] was put forward in [64] . Here the entangling operation for entanglement swapping at each repeater station is performed before the creation of entanglement between these stations. In order to make this robust against loss and and other imperfections one uses specially tailored photonic graph states which are processed in a measurement-based way. This scheme avoids the need for quantum memories and requires fast feed-forward only within each repeater station.
We remark that a large variety of different proposals for long-range quantum communication schemes have been put forward in recent years by many groups, and also a number of experiments have been performed that demonstrate important building blocks of long-range quantum communication schemes. Our aim is not to provide an overview on all these works. In this paper we have rather concentrated on schemes where measurement-based elements play a crucial role.
X. SUMMARY AND OUTLOOK
In this review article, we have given an overview over some recent approaches to use measurement-based elements in quantum communication. We have considered direct communication of encoded quantum information, where encoding, decoding as well as error correction are performed in a measurement-based way. Input states are coupled via Bell-measurements to resource states, and apart from channel noise the only source of imperfections are noisy resource states and noisy Bell measurements. Error thresholds for a fault-tolerant implementation are solely determined by error thresholds for the underlying error correction codes, and can be as high as 13% per qubit.
Similarly, measurement-based elements can be used in an entanglement-based communication scheme using quantum repeaters. There, entanglement swapping and entanglement purification are the central building blocks, which can be realized and combined in a measurementbased way. The corresponding resource states are of minimal size, containing only input and output particles. In this case, even larger error thresholds can be found, which are in addition optimal and universal. For entanglement purification as well as for entanglement-based quantum communication, up to 24% of noise per particle can be accepted.
It should be emphasized that these error threshold correspond to an error model that is reasonable, conservative, and consistent with the primitives of measurementbased quantum information processing. These numbers can, however, not be directly compared to thresholds obtained for gate based error models. Working out such a connection is an interesting open problem. In addition, an extension of the analysis to correlated errors would be interesting, where the localization of errors and hence a justification of a local error model using multipartite entanglement purification for resource states is a promising approach. Finally, we mention that the measurementbased realization of quantum communication also allows for a simple security proof, by showing that resulting entangled pairs and hence the resulting secret key is in fact private. This will be reported elsewhere [66] .
Long-distance quantum communication remains an important and challenging goal. The use of measurementbased elements may turn out to be a key ingredient towards a practical realization, as experimental and practical requirements can be significantly relaxed.
